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ABSTRACT 


reviews tte history of Mda^sws' h the P n^d forT^rso * h5 ?* rsonic breathing concept, this paper 
can contribute to the develomenTof airh^,iT n ^ ^ , ^ ^ 11 2150 describes how 

concepts are compared An incremental fliehr g w 00 og T Aspects of captive-carry and free-flight 
is also described Such criticdfeu^ as ml h ^ eXPa " S ‘° n ,echni< l ue for manned %ht vehicles 
experimental devicc S „e XssT Us I JT '"^-"entanon technology and proper scaling of 

—*■ — z£i tse x . - - 

1. INTRODUCTION 

dismnt" r Xhlre of^TaT^ t T- 1 “ f “ *** — '»"* 

Requirements that drive the desire for airhrearh’ h° n ° 0glca ! need for hypersonic flight increases, 
to space with a paybad tZ*?*""* ^ qukk > on ^-and access 

applications, these vehicle concepts seek aircraft liu/ 01 ™ ° n E ? rth ‘ F ° r commercia l military 
and rapid turnaround capability to facilitate emimd , 0pe ™ tl0ns ’ such as honz <>ntal takeoff and landing 
decrease flight infrastruc^ Such J^V, 0perations > launch crcws, and 

the last 10 years, “ ndcr dev cl°pment for more than 30 years. Within 

truly operational vehicles has occurred Such inKorsurnT e * F ? I,s to develop the first generation of 
costiy tutd must operate in ““Sc «£ “*« *" d 

ods ^™" iC flight -“hnologies and the requisite design meth- 

and prediction methods are presently limits h S ’ gTOUI ? d test ’ 311(1 test - Analytical techniques 

beyond those of present day groundtest^ fSlities rt TW l ficTr ,UV ' opc ”“ ng ran 8 es and requirements 
the requisite technologies but are often limited in arr * L? S Cont f lt>ute S1 £mficantly to developing 
available test Mach nlber ra^es 2 T nt , accomi « odatln g hardware systems and sizes; in 
number, enthalpy, real gas, and Ambient SlmulaU,lg such fll ^ ht conditions as Reynolds 

capabilities for large-scale 'intern-at-H ^ * particular, these technologies exceed facility 

conditions. § ’ mtegratCd SyStCmS Whlch ^ uire testill g for long duration under real g£ 

expaildL^rationdtiv^^^ C f ° nly ^ achieved . ^gh careful flight testing to 

methods and technologies with full ground ^ confirming established or proven design 

possible for this advS SrflSiS h °" ° f envelope, is £ 

performance entena or e^uatil l fi^l? hypersomc veh.de conceprs. Even d* usual system 

criteria and specificatiormT32 f “ 5? qUalides do « >* «*t These 

operational versions. Particularly in the case oni3! lghl tesearch before being applied to future 

many the case of hypersonic an breathers, flight provides the ability 



rr. ss s ttstssssss « ^sr. -s = 

or unavailable design tools and methodologies. 

This paper describes the need for flight research -dbo-£» “ 'f^Spie. 

hypersonic airbreathing technology. ^Jf^^t^eSopment efforts and a look at how the results of 
An historical perspective of hypersonic g addition, analysis and measurement requirements 

ground tests and flight tests can differ «£» perinteU flight test apptoaches are dis^ 

for vehicle flight test are examined. Seven* inte incremental flight envelope expansion 

cussed by briefly surveying existing programs or concepts, a 
technique for manned flight vehicles is also described. 


2. HISTORICAL BACKGROUND 


The dream of hypersonic flight dates back to KoZnGM 

of World War I. such visionaries as the Rumanta “ 1 "S s£e flight. In A* 1930% the 
and the German Max Valter proposed concepts J*et-ooweied space transportation vehicle 

Austrian Eugen Saenger studied the concept of a t mnged , «** Lizontally. Some of the 

which couid boos, to low Earth orb.,. ^ Braun at flte V-2 Peenemuende sue 

earliest experimental work began tn Germany ^ version of V-2 rocket, used 

“:th"ng^ t— ™odeis to the Mach 4. full-scale A-4b flight vehtcle to 
develop the technology. 

Beginning in flte late 194 f ^ht^leT^ A^anM^Mn^Us 

with numerous other U.S. National Advisory Air Force rocket- or ramjet-powered vehicles. 

Space Administration (NASA) or U.S. hypersonic Test Vehicle, Able Phase I, RVX-1 

These flight programs included the X-7 an ’ ts A nu mber of these expenments pushed 

and -2 reentry vehicles, and many other testbed fl g 14 and greater. Often motivated by 

the explored flight envelope to hyperve oci y studies focused on aerothermodynamics, 

propulsion performance. 

Despite the ill-fated X-20 Dyna-Soar teSfuWng^^ 

1950’s and early 1960’s, which was canctlc ; September 1963 to February 1965 atop 

conducted successful flight tes ^P ro 8”™ s 1 p d NA sA Aerothermodynamic/elastic Structur 

Thor and Thor-Delta rockets, the joint U.S. Air Fore .. ft Corooration St. Louis, Missoun) 

^Environmental Tests ^C^ Mach 13 to 19 ^ 

thesc " had advanced guidance 411(1 contro1. 
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airdata, instrumentation, and telemedy 
extensive data measurement. 


systems. These instrumentation and 


telemetry 


systems provided 



Rg. 1. The ASSET vehicle 


Length 

Span 

Height 

Wing sweep 

Wing area 

Nose tip radius 

Leading-edge radius 

Average weight 
ASV (structural) 

AEV (elastic) 


68.82 in. 
54.88 in. 
32.79 In. 
70° (True) 
14 ft 2 
3 in. 

2 in. 


11301b 
1225 lb 



The second vehicle a it q a ■ c 

Entry (PRIME), used the ablativefy^cSfed SV5D lift'"* ^1°" Rcco ™y Including Maneuvering 
Maryland) (fig. 2) launched front Company, Baltimon® 

mechamcs and aeroperformance ct “’’T"* Was “> ^ «* flight 

aerodynamic and aerothennodynamic research 6 ^ 5s r “ ge - Secondaiy objectives involved 

(FV-l to -3) were flown from “ '** '° ^ 1967 ' test flights 

completely successful in this reeard Wh c T , splash-down water recovery. Only FV-3 was 
PRIME were coupled with the M2 and HL ItlTtJ ^ h Unm l nne<1 ,ifl 'ng tommy vehicles as ASSET and 
X-24B (Marrin Mane,, a «. Califontia) and 

low lift-to-drag rado approach and landing 'tests tocTtuS r T ° f lifd " 8 b ° dics for low ' s PCcd, 
of today. 8 ‘ eStS “ cfear the the operational space shuttle vehicle 


breathing flight at sho *' s g"*' Potential for hypersonic air- 

flight tested in * operational hyp^fonic S p£d "‘tt M “S “« te haS " ever successfully 

sough. to develop scramjets in Z flZ, LZtZnZln * *"* “» >»»% two projects 

mental Flight Test Program which planed to use a Castor ^ US k A "' Force Scram je, Incrc- 

NASA Langley Research Center axisymmetric HvLrlmn T T^ 8 ' ^ The second involved 

y ypersontc Ramjet Experiment strapped to the bottom of 
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Seln.'^ 
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Fig. 2. The SV-5D hypersonic research lifting body. 

Recently, from 1987 through 1992, four Russian »o M 

,o about Mach 5.5 at an altitude of approximately ^85 000 < ' were achieved. Further details 

“ombustton. Result indicate timt shoo ts o^supemo ^ ^ developments may 

3 FLIGHT TEST DEVELOPMENT OF HYPERSONIC TECHNOLOGIES 

— «-* -» - ■-T’ 

J”Sd no. only to increase volumetric ^ ' the airframe. VirtuaUy the enure 

binalso because a large part of die engine pa*"™" , „o*.to-tail sense. Unlike turbojet compressors. 

EE: b ib an L = -- « - — — ^ 

Kv the underside of the aft airframe. 

by the underside c ^ miet . b ased airbreathing, operating enve- 

lope "uss 'till Sutio^^ 

— - ht - — - 

are also described. 
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3.1. Flight Operational Envelope 

example oE whfch flfaTcon *** T™ ^ ™ y flight vehicle ’ including, for 
sufficient levels of th^st, Ih„^ “ P— (% 3). To prLTc 

pressures (for example, nominally 2000 lb/ft 2 ) to capture and nroT P *" the atm °sphere at high dynamic 
pressure, in turn, results in high aerothermodynamicCatinl Cn ° Ugh This hi S h dynamic 

ranges up to and including Earth orbital speeds intrlw ? d structural airloads. Mach number 
the airflow around the vehicle and through^ engine. Such and Physical conditions on 

and real gas changes on the ratio of specific heats from i a i • S , aS chemicaJ kineti cs, flow ionization, 
into play because of the high spe^s S te m ' 1 ^ (7 = 14) *e air viscosity come 

atmospheric effects as wind shears turbulence and densif 6 " 6 ^ Whe " encountereda such localized 
performance and stability. ’ ’ d ty J** 1 ®* 8 ca n significantly affect flight vehicle 

using a^esign^amd^p^riond^^^spar ^rtn^lp^ -p^*^,. 1116 ^ 0 ^ 0 * 0 ^ 68 can ■*« >* eharactenzed 
Hie flight state, vehicle state, atmospheric effects'^ talfln ^ C ° nS ' S ' S ° f such subelem ents as 
subelement must be fully explored throueh a hlenH ^ conditions, and vehicle systems. Each 

fully an operational vehicle. ground test, flight test, and analysis to develop 

The flight state is defined by vehicle velnHtv 

Figure 4 shows a typical single-stage-to-orbit (SSTOI flitrht"'""^ and dynaraic Pressure conditions, 
total temperatures, and total pressures to be encoumerLt 8 ? nve ° pe ' Ran *us of dynamic pressure, 
fully explored by the actual rest vehicle « ST^LT h ° W "- ^ flight «*l» -"us, be 
operating conditions with sufficient fidelily. % stL £ luTZ 7™"°' pn>per 

which includes such items as angles of attack and SL „T 7 7 State along iB %l>tpath, 

and rates. 8 and s,desll P' accelerauon load factors, and flight altitude 


350 X103 


380,000 ft 

♦ 


. Flight envelopes 

Airbreathing flight corridor 
l J Space shuttle 
L I < U X-15 airplane 
Dynamic pressure, lb/ft 2 


Flight 
altitude, 
ft 150 



Dynamic 
\ pressures, 
\ lb/ft 2 

V- 200 
oN 600 
V^- 1,000 
2,000 


8 FMnh^uJi 16 18 20 22 24 26 28 
Flight Mach number 


Fig. 3. Comparison of airbreathing and nonairtireathing fliJTcotridors. 
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350 x 10 3 


SSTO 

flight 

•nvelope 


Flight 

aniujd., 150 


.«• A- 


^ jc> a <L 

F f o, 

& ® ®? v « > > / y Tf, 


& 


,24,000 °R 


I 

/ 


Dynamic 

pressures, 

lb/ft 2 


— Total pressure, psla 

Total temperature, °R 

rm Typical flight corridor 

„ , 4 . . “Vo 12 14 16 J “ " ‘ 4 ^ 

02 Flight Mach number 930272 

Fig 4 Typical hypersonic airbreathing flight corrido 

Hgures 5 and 6 show, of unit 

3 6 .ha. the operational »vironm™^s,gn^^ 

"-r^pXTfo , S e « — — - - cold — 

today. aneles-of-attack and -sideslip 

Isolating the scramje, engine tom atmospheto genii’ „ accom plish than is the case 

sensitivity, or other sudden changes in the flightpath chemistry, humidity, and atmospheric 

“Tmottem turbojet engines. Atmosphenc f “«' nc ^ “ ears , — density gradients. Such tad 

"t 8 ^cl° "ton"s must £ addressed through high, ms, or ground ms, sun 

Finally dte vehicie-technoiogy state space is defned » dm 
here include geometry as well as material and ^iftohnologies. A buUd-up tes, 

test time, are often important effectors ' ““inte^md systeL msts and includes 
approach moves tom . system com ^„ ent and vehicle subsystems and contiols mus 

in .He sequencing of ground and fight tests. 
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Fig. 6. Enthalpy as a function of Mach number. 


3.2. Ground Test Facility Contributions and Limitations 

flight veMcles. Of^hSe^sts^e ^Tbes^methS 0 ^ 1116 ! ^ SUCCessfully desi g nin £ and developing 
issues in a design dux-ugh ccnponen, iesis or coni^TxS^ 
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„ of and design tools, measmement and analysis techniques, and system design 

r^S^o deve, oping dt. inmgrated Sigh, vehicle. 

On the other hand, practical — — *2X2522 '^ur,^ 
ticularly troublesome in the hypersonic flight gi • tcms and lack of properly represented 

“ scale or size, lack of X o^Ltni 1™'«— Odter facility Itmim- 

system integration anse because of fac ty iUisecon ds in shock tunnels when seconds are needed) 

tions also arise, for example, brief test dura < g for long _ durat ion wind tunnels). Often, real air 

and limited Mach number ranges (a ^ s or to combustion-heat air for enthalpy 

cannot be simulated because of the words> air containing combustion products 

simulation. Heating, in turn, resultstnviuatt^ J ^ ^ othcrwise changed because of oxygen 
or contaminating particulates), or the C ^ C f , ^^ curate Reynolds number simulation; pressure, 

Th"* SSSS ^ - — capabil,nes with " des ^ 8 

operational envelope for an SSTO vehicle. 


Tunnels 

Arc 

n i "*n Shock 
n 'v Tl Gun 
umn wind 
EH3 Flight corridor 


250 x 10 3 


Flight 150 
altitude, 
ft 100 



I 1 I I 1 I o 

, 4 6 t ,0 12 14 16 1» » 22 U KxMfi 

Flight velocity, ft/sec 
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city 7 Existing ground test capabilities for 


i ^AVFlnnmcnt. 


3.3. Flight Test Contributions 

Flight test is the ultimate validation of a desi ^ d °^ Thf n^for^flight test validation 

fs o?Cto^ n ^‘»^ •»— WhiCh KVeal SiSrafiCan ' 

surprises in flight. 
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the amrospbK ' XceIlem «™Pl<=- This vehicle reenters 

similar to an anplane. Several interesting mispredict^ ? dynam,c conditions to a horizontal landing 

shuttle Some of these phe^mena wTre heating pheno ™"a occurred 

include reaction control system jet interaction e fw! ! werc J^mtageous, others were not. Examples 

reentry, flow impingement angle-of-attack effects on prcdicted of sideslip during 

leading-edge heating from boundary-layer and short- • maneuvering system pod heating, wing 

system surface catalysis heating effects on the lowersiiTtheveh^f ° f thermal P™ection 

these phenomena, give other vehicle examples, and “te^u^ ^ 

boundary-layer transition on vehicle 
an assumed surface roughness to model boundary-layer tranfri^ ^ USed smooth models as well as 
Actual tile installation revealed that the resulth^surface wouldhL ^ fr ° m initiaJ ^ntty. 

of large gaps, unexpected rounded edges, and gcnZ Z * ™ than modeled because 

Although some regions near the nose of the shuttle about the r “ n * Vcnness from on e tile to the next. 

DmhThl VehlCle ^ significanUy mispredicted. Iliff and SitferTlW? WCre . WeI1 predlcted ’ the aft end 
P bably caused by wind-tuunel noise masking rhe modeled suiace ™X«s ‘ *“* was 

P"*? ?' he " wLTe n^Ln Tf “ jaS ' 900 SK lmo •** "*nny 

“ - “o™ hTc, C e h 

‘ “ reS “ lBd " ,<>WCr S “ rfa “ - s °PPP“al^MUoad I dian 11 had n |^^^^^^ M * ageous 



Iliff and 
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such cases can be fed back into the analysts 
and modeling methods. 


and ground test techniques to improve 


future prediction 



4. ANALYSIS AND PREDICTIVE DESIGN TOOLS VALIDATION 

Developmental flight test aims to develop, ^“^d math^cal theory. Olh- 

StXj. number, and fow-to-high-pressure effect no- gcometry and systems for a 

“3“ vehtcle pe— ^ for 

— vehkte “ 

Sv with no chemical reaction or specie di ffus ^ hing of the computations, geometry or spatial 

™ “ — - — — “ d — g flow; 
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accurate representation of nonideal flow physics and ehemictn, -c . 

checking the ability of the general Navier try ' Specific vall dation objectives include 

and low density cordons T”"' 6 fl ° WS “ ndCT »igh-,en,pe raI ure 

and charged panics “,0^ Z ^eTXf? inCl " dc , ch '™“ 1 free atoms, 

rado of specific heat of 1.4 at ambient conditions in tn«/e i™ 1 rcsult In cha nging the perfect gas 
(White 1974). In turn these changes affert fln ^ g3S ™ Q ° S approachin g L2 at 5000 °R 

result in the need to analyl fl^for "T rcaction ^emistry. Low density effects 

basis for the Navier-Stokes equations. nUUm 6 CCtS ’ 1S n0t lnherent in the theoretical 



boun^CfZSf^hS;^ z° us eBca$ - such - iow — 

pressure gradients, geometry discontinuities * or cWW flow i s ® paraUon caused by large adverse 

accurate boundary-layer turbulence transition com* Additional factors for analysis will include 

sn B ss a t^rrrhrr 

a4, and Marvin £5 SSTSE 

5. FLIGHT TEST TECHNIQUE CONCEPTS 

opment using scveral^proaclies^Zc Zr^ch^Lto^ sZId/” Z"”" 8 ,eChn ° logy devel ‘ 
free-flight concepts. Use of subscale hardware he he a ,• ubscaJe capuve-carry and air-launched 

of full-scale integrated flight vehicles is address^ ^ 3150 discuss «‘ The value 
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5.1. Subscale Captive Carry 


^^TgW experiments can be conducted 
irra,r"dtr s m a captive-carry mode aboatd flight vehicles. 

As used here, the term captive-carry refers to an is permanently 

perhaps several experiments can be . sl j nult ^ e ° n US ^^cie propels the package or platform to die 
attached to its carriage launch ve ^ c e - ’ flight expe riments can complement and correlat 

experimental test condiuons for a fim * e T_ rea i gas rffects or higher test Mach numbers that 

wi* ground tests and can ^^^2. can v^y from rockets to aircraft depending on the 

o' *st coitions, risk assessment, and degree of mission control need • 

Rocket launch vehicles usually Uftwe^r^d acceSte to very high 

packages aloft than aircraft. These vehic Pe2asus |) Piggyback Experiment configurauon (fig. 1 )• 
hypersonic Mach numbers. An example is di g J® ' Dryden program is being earned 

TOs joint Advanced Research Projects Agency (ARPA)an^ ^ aSA Dryden B-52B aircraft 

trb 

aerothermodynamics , or both. 

Disadvantages of rocket concepts often include a ^ “Srim^^k of recoverability 

autonomous conlol, *■— mj “fT^ 

S"— “"1. component device is highly desirable for pos.-test tnspeetton. 

Ata aftcapdve.arryfl,gh, 

Shows the NASA Dryden SR-71A ^ „ induct large-scale external burning 

bank, California). This aircraft testbed I has > bee m un y provides further discussions of 

tests for base-filling drag reduction to Mach 3 (fig. 13)- » 

this concept. ruvihilitv 

Advanrages of using aimraf. instead ,“o changing 

CS":eS"rgra^i systems, or bodi, aloft for maximum ms, fidelity. 

® Pairfax Vireinia but this vehicle was developed as 

a i z - — ^ u “- 
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^ complex experiment package 
high flight safety requirements for a man-rated system frifi ^ ra " ge ° peration ex P enses - and 
can be very involved, drawn-out affairs which result in added ** “ 



Fig. 11. The Pegasus Piggyback Experiment configuration. 


EC89-0206-3 
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Fig. 13 . Experimental external burning aircraft model mounting. 
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5.2. Air-Launched Free Flight 

ot “ from a ca * a8 " »■“*“ ■ * 

smmmm=s 

SKKtoSKSSS S2§ 

rocket The control and maneuvering burden of flvine at the desired !w„ ot J . g ^ am ot a 
airbreaching performance can Uren be placed on the experimenral fiee-fTght S ' raJeC, ° neS 

testw y v^c!e a cT^i ately h MaCh °' 85 “** fn>m “ * W, " de of 40,00 ° ft The NASA Dryden*SR-71 A 

M^T^Z 60 ‘ ft ,ong “ a ‘ s <~* Zv—Z 

simi. KwSKLj^tSS: St (SCA> **»• ™ i**» * 

vehicles of from 150 000 to 200 000 ih 1 “ “ h '"f on) and can launc b very large experimental 
1077^ To e ,UUU to 200 ’ 000 lb > at approximately Mach 0.6, and at an altitude 25 000 ft fF..itnn 

zi tniz Errr ri - ,he si r - ss 


15 




Fig. 15. The NASA Shuttle Carrier Aircraft air-launch platform. 


5.3. Scale Selection 

applet" 
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ii phS^s 

mwmm^ 

53.1. Flow Physics Fidelity 

scramtr^Smenf ThT/ *T ’’’’’'“T ^ chemisDy is thc greatest technical issue for a subscale 
key flow pa^ete* which lec“^ m U ^a“ ^rf^Zeli" ‘Celb 

~r *• - 

- Laminar-turbulent 
boundary-layer 
transition with 

Increased heat flux _ 

—Potential boundary- 
layer separation 
and reattachment 

Vehicle 
bow shock 



Turbulent boundary- 
layer growth decreasing 
free-stream mass capture 


Shock interactions 


Cowl shock 


Inlet flow spillage 
with Increased drag 


Fig. 16. Scramjet scaling issues. 
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and “ ZtiZ 1Zl!ZZa flOW f„ COndi, T S mUSI * COmc,l >' loca,ed 

boundaiy-layer ^Pat^tion^^i^t an^ tosses* The 
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compression process; boundary-layer < the in * e ‘ ‘° ‘ he 
and system of generated and reflected shoctai ^“^Xarepropagated downstream and affect 

5 3 2. Combustor Operation Mechanization 

' ta the combustor, concents regarding seating ££ — ' - 

this length involves combustion dwell or rest enc limited extent in the combustor and 

adequate fuel-mixing length, Chemtcd kmc »■ » ^^“^alysis must be performed to assess 
nozzle by combining the correct length “dsmtepre . £ on Ad didonal concerns include 

'XL - tottmaI s,aac " 

temperature, and local flow Mach number. 

Injection fuel temperature can also be a . ** '““j ^Tlteratms (for Tlample, the futoignition 

and skin frieflon as well as external base pressures. 

5 3 3 Hardware Fabrication and Mechanization 

' ' once proper flow physics has been ^ t,T“sire 

addressed. First, engine component geo try control exists Examples include the diameter 

manufacturability and to operational mechantzat.on and co ntrol exts tx ^ ^ ^ jnvolves 

or slot height of fuel injectors and the fl “ w acuvation, and position sensing, where applica- 

flameholding devices and variable-geometry , ^ device may be involved. Selected 

Z actuators, may - be included. 

Oflter issues incite system volume 

installation, and volume for such engine su sy ^ structurally, chemically, and thermally 

flight materials are no, used, then substrtute ™“"^7J7rreladon must also be included 
comparable. Ground test requirements for flight-to- grou^ ^^ Rnally mi „ imum performance levels 

I'Z Is^^^^riyTvaluate a design or demonsnate its operation or capability. 

5.4. Integrated Flight Vehicles and Envelope Expansion 

This concept for a large, integrated, 

incremental approach to expanding its 0 . (Kr “™® " • assumes that these first generation 

^des'ir^^rx^ “»• * in ^ mght resime as weU as " ,he 


18 



Will £££*■ vehidcs and *8 h ‘ facilities 

expand the fligh^enwlojlfto neLTe^WcTe^wrat.ne if ‘ W ° 1 !" aj0r phases - The *"t phase could 
dedicated flight research than the first. The flight envelone IT *’ ^ i f COnd phase could Evolve more 
check of the aircraft systems, validate system oerf™ T P ^ W ° Uld COmpIete a functional 
vehicle operating limits and anomalies. This T operating characteristics, and define 

would include the airframe structure engines control c T £ learance and system flight certification 

flight research data. Once the flight’ envdopi is clear^thTd 7* C ° UeCt S Umited amount of 

flown within tha, envelop %h ‘ “ ph - * 

milestones. For exam^e.Te^ep^ basis of ke y Sight clearance 

be keyed to the engine mode transition points This concern is TZ be f USed ’ and each new test could 
configuration and characteristics and mT need to^^fin u l" 0 " ° f Ae specific vehicle 
milestones. The incremental method would eithe r^ f ° n 6 basis of controIs or structures 
trajectory, such as an SSTO profile or clld^^ *"*** *** the d ™gn mission 

flesign flight conditions, such’as low d^ic “«£ 2^11^ ““ ° ff ' 

test site. This" is to operate from and return to a single 

for multiple test sites with the attendanfcapenrivTdu^ £ ? y eliminates or minimizes the nld 

accelerate and cruise outbound at an alreadv clea^d Z TM BFaaaA facilities ‘ The ^craft would 
new aim-clearance Mach number while returning to the^’ NeXt ’ U WOUld tUm and acce,erat e to the 
at the newly expanded envelope point then the vehicle c 1^77 ^ problems were encountered 

the landing site in the power-off glide condition A ld ..7 Safcy P° wered down and returned to 
the acceleration to test conditions, if needed The : "i auJ ! lIiaiy . r °cket engine mode could assist in 

to obtain the necessary flight clearance data at new dm Ifah** hl Sht COndition would ^ used 
decelerate, return to the recovery site, and land. 3Ch number - Then, the aircraft would 

with the maximum available test range^^t teS’ S^T^ifn COrridor would ov er land 
landing could always be achieved. At speeds L to Mach"^^ ^ ° Ver WatCr (fig ' 17) - A safe 
the local area. For high Mach numbers of approximately Mach W ° Uld ^ com P leted within 

extend outbound using the same basic flight profile ThiJflitrhm a ab ° Ve ’ the fllght corri dor would 

ground-track distance to accelerate to the ai^ condign! f Xtension ^ aircraft enough 

and return to the recovery site. One, Z Tound^T' “ P t0 1 min ’ and then decelerate 

conditions, the flightpath could be reoriemefto Vehkle accelerati on to test 

process would continue until the maximum operating condif advantage of ^ die avail able landmass. This 
was available at these high hypersonic Mach n^mbera f^a safe^ ° T insufficiem la ndmass 

vehicle, the vehicle would have to accelerate to orbit ° Very ' Then ’ ln the ca se of an orbital 
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Fig. 17. Ground ducking of flight envelope expansion missions. 

6 instrumentation requirements and state 
6. IN&IKUM oF THE TECHNOLO GY 

have lagged behind the devel- 

Flight instrumentation systems for hypersonic ^brca^ ^ ^ of th g speed range 

moment of other requisite technologies, ogu conditions instrumentation systems have a 

involved and the extreme thermal and pressure jsiuo’n and conditioning, recording, mtercon- 
demands placed on them. These systems mcludcda q ^ flight system requi rement is 

nects telemetry, and transducer technology. Above all, me ^ as compact, lightweight, 

sibsK z. - — — - - 

"ZrrZ- have strong 

Measurement dam quality for defining sy«em 

be addressed. In many cases, ci*cr beca^ °nh ^ calibmrion methods do no yet 

S It “S .SSS S — ed though experiments before they can ap - 
Subsections 6.1 through 6.5 give an ovetview uS“Tallenges am 

ss - q ' 
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6.1. Data System Operating Environment 

hea^^thicfcT^ltf Im^F? °r ati " g in , Ve I b0t -png ten 

500 °F to irnemal engine stagnation tlperahtew^p^ 

without shock interactions would nontinallv be un to 2000 tem” „A. ,7° R ** heat flu , x 

p^I 

sensors for a given application, such as flow-field sampling; must bfaSest^ VerSUS n °" mtn,sive 


6.2. Data Acquisition Challenges 

dam “n° g " ^ "« ta ** » ^«loping the 

processing tJsignal ItTZ^m te ^ 7“- D “ 

■equhe thousands of parameter to £ measur^ a, v^S. JZ'TtoZL^ofZ ‘ ‘ hi “ ° f “" 
- also used in vehicle flight avionics and other con J 1^“ 
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normal aircraft ^^^^„^^ S ^^s^^^^ r ^^^Q^p^tions^n C Ow r measurements!^nd C dis^^ te 
Sesc'compuwtion^tosev^l subsystems, including refemeny — • 

Air-to-ground telemetry problems to surmount sweXmegahera range coupled 

extreme aerothermal conditions. High dam w®™ j^oency range to very high levels (thousands 
with a large number of parameters samp compression and multiple data downlink paths with 

S^^si re ote H ASA Tracking 

and Data Relay Satellite System. 

a — — — 

the question of using collocated at _ ^ easier tQ and operate. Nevertheless, long, large 

volume is available, collocated sy , eroups to the data processing units are heavy an 

metallic wiring bundles from individual transdu ^ P h uses sa pphire or coated silica fiber 

may also be limited by available routrng volume. O- . ^^JLdles with lighter, more 
opdes which operate at temperatures up to 2000 F to repta 

compact data transmission lines. 

Distributed system components located 

approach to shorten wiring and decrease s y stem P environments similar to room temperature, 
"me, in those areas. If the electron* componen s ing units with the ability re 

then the comparmtents may require specal cootag. CNh«vme. oa 
operate in high-temperature environments must be deve ped. 

6.3. Hot Structure Strain Gages 

New measurement transducer technology is 

using surface-mounted resistance strain gages sensing This report describes research into 

ample. Williams (1992) reported on noncont** remote ^Zt\2lroZtry, ^ X-ray extensome- 
such concepts as laser speckle strain * Fa r example, palladium-chromium 

uy. A nother area involves high-temperature re , Jj. hment and calibration techniques are 

(fig. 18) or iron-chromium-alumtnum gages, an 2500 op (ui mi Williams 1990; Holmes 

being developed and ground rested to temperatures of 1000 to 2500 (be 

and Moore 1992; and Lemcoe 1992). 

Figure 19 shows one of the ’m^U. thfsuain 

strain. Thermal coefficient o expans * strain levels Material phase changes within the gage 
gage, and the attachment "“ f^tv ^is pllem ts especially acute in the iron- 

also contribute to this erroneous or “PP™" 13 ™" b ,^d are typically 100 to 2000 /xsream. 

thermal cycling re correct for these errors. Thts figure 
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also shows the effectiveness of these techniques 
gages. 


for palladium-chromium and iron-chromium-aluminum 



Fig. 18. Two palladium-chromium weldable 
[0,90,0J. 


strain gages spot-welded on 


an SCS-6/Beta 2 IS TMC 


0 .< 4 . 


instream Flow-Field Methods 


appliZZZ^igZ^° slrows ZZZoZ^ZeZ^dZdoDed S f >Ut ™ ust ■* cooled for most 

(Graves et al. 1993). A retractable rake mi, § a P ^ d for intnj sive flow-field measurements 
points. Expendable probes, designed m bZ offafte™ 1° ^ d ‘ StUr f bin 8 the at critical operation 
option. Fiber optic microphones which nZrf Z T * ° f preKsl measl "'“"cms, are also an 
acoustic range of 130 to 190 tin’ are h , V frequenc . v res P 0 "se to 100 kHz with a dynamic 

skin friction devices. Chadwick anZschefz n£Z ZZTT “ 2 °°° ° R Fi8ure 21 shows small 
in engine combustor and nozzle appHcations development of these small devices for use 

Nonintrusive laser diagnostics have been in routine use for or L 

environment. Only recently, however have efforts years in the gr0Und laborat ory 

Cooling, size, and ruggedness ^ to survive 7h T a u ‘ ° adapt these "methods to flight 

flight application. Insfream laser ^mellurLenTcan h r atl ° n , T bdng pinp ° imed for solutions for 
components, and flow chemical constituency meZZZnts.'"^ fl ° W VelOCi ' y ' tempera,ure - densi 'y 

and Newlield (1992)' tecribe^hZZZonZ mZ deVel ° ped for m " fli S hl measurements. Cavolowsky 
field constituents. OmZf? C ° mbUS, ° r 

determine combustor efficiency. ^ y ( H) radical, water vapor, and oxygen to 


23 


Apparent 

strain, 

p£ 



Pressure measurement 

position, In. ' 


0.4 In. 




l r : 

IV 

9 

£.» 

a 

it 

5 In. 

z - 


6 

:uL 

0.5 In. 

— 4-i — — 


T 



Enthalpy 
-measurement 
position 


H 2 0 out 


H 2 0 In 


030261 


Fig. 20 


, Probeless boundary rake (modified from Graves et al. 1993). 
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Fig. 21. Skin friction balance, DCAF 2ed DCAF entry design (Chadwick and Schetz 1992). 


6.5. Airdata Techniques 

° f " umber or velod 'y, angles of attack and sideslip, altitude or ambient 

SriSinTS TT' , ynamiC pressurc ° r densi(y “* ke >' “ evaluating and controUing 
systems tLc/h , hlC PoKmia ' measurement systems include robust onboard inertial and pressure 

KM COmb T with *** frora remote radar tracking or satellite global positioning 

SdI ( of } K e P ° S1,10n data - Another valuable “““ of airdata is balloon-borne (rawinsonde) 
e sing of ambient pressure and temperature and of local winds. Standard pitot-static methods for 

T "t mditi ° nal teChmqUeS fOT ""“?■* -«l- — • deflection vanes 
lae nroblems au’i f m PP y 31 bypersomc speeds because of heating, aerodynamic, and pneumatic 
lag problems Additionally, accuracy of these older methods needs improving in several instances 

touted measurements for flight control and system testing provides an exceUent example of 

a 0 l°‘?tai« .fT^T U“ St a " d ™“, fl ° W sensitivi ‘>’ 10 changing angle of attack. As little as 
a 0.1 change in angle of attack can cause a 1 percent change in thrust because of the conespondine 

change in captured airflow at the inlet. Standard angle-of-attack measurement accuracy for subronic-tt? 

:“ f ~7r ' S f 25 • ^ " yte,SOnk fligh ' " ot °" ,y way ro « Tngt 

l j ... . also needs to measure this angle to an accuracy level of ±0.1°. A sensitivity analysis 

would, likewise, show similar accuracy improvement requirements for Mach number and altitude. 

7. INTERNATIONAL FLIGHT TEST CONCEPTS 

““ V thr ° Ug ? d 5 SUrVCy currcnt work in hypersonic flight testing in the United States, 

ities ^hichTx^forS mustrates wi de range of approaches and possibil- 

ities which exist for technical contributions from the flight test arena. 
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Fig. 23. Scramjet thrust sensitivity to changes in angle of attack at Mach 10. 


7.1. United States 


The United States has a relatively long history of hypersonic flight research. This history dates 
back to the X-15 aircraft and other projects of the 1950’s and 1960’s. (See section 2.) These hypersonic 
flight test programs centered on developing ramjets, unpowered vehicle aerodynamics and aerothermo- 
dynamics, materials, guidance and control, and instrumentation sensors, such as those required for the 
space shuttle. More recent examples of this flight test experience include the Sandia National Laboratory 
OQ ~ e ’ A N D e ^ Mexic °) Sandia Winged Energetic Reentry Vehicle Experiment vehicle (Williamson 
1992) and the ARPA and NASA joint program with Orbital Sciences Corporation aboard the Pegasus® 
rocket launch program (Curry, Meyer, and Budd 1992). 


The National Aero-Space Plane Program has been developing plans for possible flight tests. These 
plans involve the supersonic external burning experiment with a captive-cany device aboard the SR-71A 
aircraft. Another proposal involves captive-carry experimental packages to be launched to hypervelocity 
Mach numbers aboard Minuteman H missiles. NASA and others have conducted numerous studies using 
the SR-71A aircraft as a supersonic launch platform for hypersonic research vehicles. 


7.2. France 

France s recent start on a scramjet development program is known as PREPHA (Debout 1991* 
Debout and Mathieu 1992) and is presently focused on a ground test development phase. As a partnership 
between the French government and industry, PREPHA is part of a national program which examines 
conceptual two-stage-to-orbit (TSTO) and SSTO approaches to a low Earth orbit space transportation 
system. This national partnership is funded by the Ministry of Defense and consists of the government 
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agency, ONERA, the aerospace firms of Aerospatiale, Dassault, 
of SNECMA and SEP. 


and the Hyperspace engine consortium 


to approximately Mach 8 to la Im y, po ta fli ht lest development. Studies by 

:^ co“o define fu, engine flight test programs, bu, stifles are no, 

available now. 


7.3. Germany 

Recent flight test studies in 

„ ”^”^2^7:7199.) provide detailed £££ 

genesis program known as the Hypersonic l Technology >EjM such 

forms. These tosMgrf tom r^^ ^ h a HyTEX derivative supersonically 

rn^rtnrrnew £S2 Wrist, for these studies is tom the German 
Federal Ministry of Research and Technology (BMFT). 

7.4. Japan 

The National Aerospace 

Instimte of Space and Astronautlcal Sc (ISAS)^ ^ P^ ffight Kst development of aero- 

^“^x^ciposite — ssrw 

Expenment (OR ), _ . pK r nr orbital reentry to automated, unmanned landing 

recoveries. ™Mtioi^ny!°ISAS coodMBd smaU-scale heUct^Kr a^MDoaHraAM 

for landing tests in 1986 and 1987 (Inatam, Kawaguchi, and Yonemoto 1990 ) witn 

launch of a reentry test flight in 1992 (Inatani et al. 1992). 

Plans are also underway for a near-future join, N AL and NASDA flight ms, of automated landing 

experiments, including an air-turboramjet engine concept 

The air-turboramjet (ATREX-500) and scramjet Liquid-Air Cycle Engine 

launched, free-flight, experimental vehicles as engine testbeds. 
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Fig. 24. The DASA Saenger project HYTEX vehicle concepts. 


7.5. Russia 

Since approximately 1987, Russia’s Central Institute of Aviation Motors (CIAM), headquartered 
near Moscow, has conducted captive-carry flight tests of a complete subscale axisymmetric dual-mode 
scramjet engine using the Hypersonic Flying Laboratory (HFL) (Kandebo 1992a). Five flight test 
articles similar to those shown in fig. 25 were designed to conduct tests between Mach 5 and 6 at 
altitudes from approximately 85,000 to 100,000 ft. These hydrogen-cooled and -fueled stainless steel 



Fig. 25. Test flight articles. 
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engines are approximately 4.20 ft long with an overall inlet diameter of 9 in. Three fuel injection 
stations with cavity flameholders perform ramjet or scramjet operations. Besides the engine, the HFL 
contains volume for the fuel and control gas tankage, control systems, and instrumentation package. 
The axisymmetric concept was selected to flight demonstrate supersonic combustion operation and was 
not used to directly measure thrust performance. This concept was also selected because it integrated 
well with the cylindrical launch rocket. Figure 26 shows the launch rocket which is flown on a 
depressed flight trajectory using a modified guidance and navigation system. To date, four of the five 
nonrecoverable engine configurations have been flown. These tests involved two nonoperating, cold- 
flow engines to evaluate the flight trajectory, vehicle integration, and system operation and two hot-flow 
flights with combustion operation. Instrumentation has been basic and confined to wall static pressure 
and thermocouple measurements with an emphasis on simple, robust systems to investigate supersonic 
combustion in real air. 



Fig. 26. Launch rocket with a modified guidance and navigation system. 
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To date, two successful hot-flow flights have been achieved at speeds from Mach 5.3 to 5.6 with 
reported sustained supersonic combustion times of 5 to 15 sec (Kandebo 1992b). CIAM plans to 
continue with such flight tests using axisymmetric and planar-compression subscale engines at Mach 
numbers up to, perhaps, 10. 


8. CONCLUDING REMARKS 

Nothing in the aeronautics discipline could be considered more difficult and challenging than 
hypersonic airbreathing flight. The exciting, yet sobering, realization is that, in spite of a 30-year 
developmental history, the scramjet-centered concept still has a long way to go before achieving practical 
atmospheric flight from above Mach 6 to low Earth orbit The possibilities from global hypersonic 
cruise flight for commercial application to a low-cost space transportation system spur on world-wide 
competitive technology development in many industrial countries. 

Such vehicles could provide quick, on-demand access to space with a payload; rapid turnaround 
capability; horizontal takeoff; other operational capabilities similar to those of aircraft; and rapid access 
to distant points on the Earth for commercial travel and other applications. These vehicles must be 
operationally reusable, reliable, safe, and cost effective and must have minimal negative environmental 
impact on the atmosphere. 

To achieve those operational requirements, this class of airbreathing hypersonic vehicles requires 
a highly integrated airframe and propulsion system along with vehicle systems that operate in very 
hostile flight environments. These requirements are especially true for the scramjet engine. The needed 
hypersonic technology development is a complex, multifaceted problem compounded by limited ground 
test facilities and unvalidated design tools or methodologies. A careful blend of advanced analysis, 
ground test, and flight test is needed to design and develop these futuristic flight vehicles. Ultimate 
validation of any integrated flight vehicle system can only be achieved by careful flight test. Indeed, 
the flight arena is an indispensable aid in developing the individual technologies and design capabilities 
for that integrated vehicle. 

The potential rewards are tremendous. On the other hand, high costs and programmatic risks, cou- 
pled with the complex, interrelated technical problems and lacking technologies, make this technology 
truly the last great frontier of aeronautics. 
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